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Noise in gene expression
Nuclear architecture
Phase separationiochemical reactions are dependent on pH, ionic strength, temperature and the
concentration of reactants. However, the steric repulsion among bulky components of biological systems also
affect biochemical behavior: The ‘excluded volume effect of macromolecular crowding’ drives bulky
components into structurally compact organizations, increases their thermodynamic activities and slows
down diffusion. The very special composition of the cell nucleus, which is packed with high-molecular
chromatin, ribonucleo-particles and associated proteins, suggests that crowding-effects are part of nuclear
functionality. Realizing that many nuclear processes, notably gene transcription, hnRNA splicing and DNA
replication, use macromolecular machines, and taking into account that macromolecular crowding provides
a cooperative momentum for the assembly of macromolecular complexes, we here elaborate why
macromolecular crowding may be functionally important in supporting the statistical signiﬁcance of nuclear
activities.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
This review concerns the potential impact of polymer partitioning
on the proper functioning of the cell nucleus. The cell nucleus is a huge
compartment which manages faithful propagation of the genetic
information of a cell. In this compartment, many relevant processes
like DNA replication, RNA transcription and maturation use macro-
molecular machines composed of many factors. Assumed that
subunits bind independently, the probability that an essential factor
is missing increases with the number of subunits involved. Thus, co-
operativity becomes essential for the concerted binding of so many
factors. Further challenges for efﬁcient nuclear function are the
competition of many hundred, biochemically identical reaction sites
for a few available factors [1], and the risk of reaction-abort during
site-exchanges as those involved with the migration of nucleotide-
polymerizing machines along a DNA-template. Altogether, it appears
advantageous, if nuclear reactions, once initiated, could proceed
within a microcompartment. This shelter would not only improve the
productivity, but would also support a constant product-ﬂow, which is
necessary to assure stable expression patterns. Microcompartmenta-
lization is often thought to require the biochemical interaction with
scaffolding factors of a putative nuclear matrix. However, as it will be
outlined in the following, nuclear microcompartments could also
establish by the physical process of phase separation as a consequence
of macromolecular crowding [2].
Macromolecules in aqueous solution have a tendency to phase-
separate if mixed together. This was realized more than a century ago49 6221 424639.
l rights reserved.by Beijerinck [3], who was puzzled about the observation that perfect
aqueous solutions of starch and of gelatin turned to water-in-water
emulsions when mixed together. Today, phase separation of polymers
in aqueous systems has gained technical importance in material
science as well as in the pharmaceutical and food industry. Biologists
take advantage of this phenomenon e.g. with widely-used protocols
for the hybridization of polynucleotides [4] and the mild preparation
of macromolecules [5,6]. The functional properties of extracellular
matrices are also known to depend on polymer partitioning [5]. On the
other hand, an expectable partitioning of cytoplasmic macromole-
cules appears rather suppressed, suggesting that nature takes efforts
to prevent locking of functional players by unwanted segregation [7,8].
2. Volume exclusion effects macromolecular partitioning
Two principles are distinguishedwhich describe the partitioning of
polymers in ternary aqueous systems (i.e. aqueous solutions which
contain two species of polymers): simple and complex coacervation
[9]. The latter, complex coacervation, is readily explained: If the two
polymer species have opposed surface charges, their mutual charge-
interaction reduces solvability due to the neutralization of surface
charges. In consequence, the interacting polymers segregate into a
single phase, while the solvent becomes polymer-depleted. Quite
different is simple coacervation, also called ‘incompatible phase
separation’, which provokes the two polymer species to segregate
into two phases. This phenomenon is not as easy to understand [10].
As a general theme observed by experiments, the efﬁciency of
‘incompatible phase separation’ depends on the sizes and the shapes
of the polymers involved: Species of higher molecular weight and
extended shape like rods and coils start to segregate at lower critical
Fig. 1. Scheme to demonstrate the ‘depletion-volume', which is inaccessible to the
center of a test molecule due to steric repulsion from the macromolecular background
of a solution. (A) Shown is the volume segment of a solution (yellow box), which
contains one ﬁlamentous backgroundmolecule (chain of black beads). Considered is the
case, that of the two spherical test-particles shown between A and B, either the large
one (blue) or the small one (red) is to be placed in this volume segment. Due to steric
repulsion, a spherical test-particle can approach the surface of the background particle
up to its radial dimension only. The respective depletion layer around the background is
large for large test-particles (blue), and small for small one (red). (B) The depleted
volume becomes smaller, as the background particle becomes more compact. This gain
of accessible volume is more important for the large test-particle compared to the small
one.
Fig. 2. Depletion interactions force ﬁlaments into compact conﬁguration, drive them to
self-align, and separate ﬁlaments from globules. (A) Within a solution of black polymer-
ﬁlaments and grey globular macro-solutes inwater, the centers of the grey globules can
populate a very restricted volume only, due to steric repulsion form the polymers
(yellow: accessible volume; blue: volume excluded to the grey globules by the black
ﬁlaments). (B–D) The accessible volume (yellow) substantially increases, if the black
ﬁlaments collapse into compact structures (B) align with each other (C) or do both (D).
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Hence, ‘volume-occupancy’ is an important parameter of the effect.
‘Phase separation by volume exclusion occurs at about 1–3% for
mixtures of rigid, rod-like polysaccharides, about 2–4% for mixtures of
linear polysaccharides with proteins of unfolded structure, such as
gelatin or casein, about 4% or higher for globular protein-polysacchar-
ide mixtures, and exceeds 10% for mixtures of globular proteins’ (cited
from [9]).
It is important to note that effects provoked by physical parameters
such as size and shape can be contributed by different, biochemically
unrelated molecular species. Thus, volume effects are observable in
complex solutions composed of many different macromolecular
species each of which is below the critical concentration [2,11]. This
cumulative relationship is expressed by the notion of ‘crowding’ and
distinguished from concentration dependent effects, which relate to
the site-speciﬁc interactions of particular molecular species. In this
sense, biological media, such as extracellular matrices or intracellular
plasmas, are considered to be crowded by macromolecules. The
macromolecular content of cell nuclei amounts to roughly 100 mg/ml
protein and 50 mg/ml chromatin [12,13]. Two features tend to make
the nucleoplasm a crowded environment, its high macromolecular
content and the abundance of large, particulate components such as
the ribonucleoprotein particles and multi-subunit complexes.
Aqueous phase separation of macromolecules can be quantita-
tively modeled by the ‘volume exclusion effect of macromolecular
crowding’ [11,14–16]. The concept is based on the steric repulsion of
molecules, which are treated as incompressible, hard particles.
Interaction potentials such as surface charges and polarities are not
taken into account. Using scaled particle theory [17], the thermo-
dynamic cost is estimated, which is required to introduce a ‘test-
particle’ of a certain size and shape into a solution crowded by
‘background-particles’ of certain sizes, shapes and quantities (Figs. 1
and 2). Though quantitative results are debatable on the approximate
nature of assumptions to be made [8,18,19], the ‘volume exclusion
effect’ is readily comprehensible in a qualitative sense: Background-
particles dispersed in a solution dissect the body of solvent into a kind
of branched lacunae. To introduce a test-particle into this solution, it is
required to ﬁnd accessible space. If the test-particle is small enough to
reach everywhere, in a strict sense particles which compare in size
with solvent molecules, the accessible volume equals the volume of
the solvent. However, if test-particles are larger, they cannot populate
the entire body of the solvent. Obviously, they are totally excluded
from branches and cavities which are too narrow for their size. More
generally, due to steric repulsion, test-particles can approach their
center of mass to obstacles like the background-particles up to their
radial dimension only (Fig.1). Thus, a ‘depletion-volume’ related to thesize of a given test-particle covers all free surfaces of the background-
particles dispersed in a given solution. Apart from the size and shape
of the test-particle, the depletion-volume sensitively depends on
sizes, shapes and spatial distribution of the background components
(Fig. 2): The volume accessible to a given test-particle increases, as
background-surfaces disappear. This happens, e.g., when two back-
ground-particles approach each other such that the depletion-
volumes associated with the two contact surfaces overlap. In
consequence, any impact to reduce the depletion-volumes of a
macromolecular solution promotes compaction, assembly and align-
ment of some macromolecular compounds (Fig. 2B through D). The
apparent interaction is called ‘depletion interaction’.
The ‘volume exclusion effect of macromolecular crowding’
explains the depletion interaction as an entropic force. Realizing
that the conﬁgurational freedom for dissolved molecules increases
with the volume available to them, compaction, segregation and
alignment of some macromolecular components of a solution is
thermodynamically favored if the concomitant loss of mixing entropy
is compensated by the increase of conﬁgurational freedom for all the
other, still dissolved components [14,16,20]. This relationship was also
demonstrated in silico by Monte Carlo simulations [21].
Alternatively, the depletion interaction had been modeled on the
basis of osmotic pressure [22]: When two large solutes approach each
other such that the gap between them becomes so narrow that
smaller macro-solutes are excluded, the osmotic pressure of these
smaller solutes forces the two large ones into close proximity, up to
the maximum overlap of their depletion layers.
Although allowing for comparable quantitative results [23], the
two approaches differ substantially: In contrast to the osmotic model,
the entropic model, which ‘senses’ the best compromise between the
cost of compaction and gain of conﬁgurational freedom, does not
converge towards terminal compaction. The entropic model also
describes readily the crowding-dependent non-linear behavior of
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hemoglobin [16,24], which cannot be explained by osmotic forces,
since solutes cannot exert osmotic pressure on themselves.
With respect to the scaled particle approach, real cellular ﬂuids are
much too complex to predict their crowding behavior by crude
approximations of bio-molecules as inert hard spheres, rods or
dumbbells. A serious problem for modeling are the interaction
potentials of biological macromolecules due to surface charges and
polarities [14]. Thus, incompatible phase separation can also be viewed
from the point of differential interaction strengths among polymer
species with water as the solvent: The more hydrophilic species ‘drain’
the more hydrophobic ones into compact conﬁguration. Experiments
show accordingly that salts, as well as small molecules with functional
groups that alter the interaction strengths ofmacro-soluteswithwater,
can substantially interfere with polymer partitioning [6]. Depletion
forces furthermore arise from the partitioning of water into a free, bulk
phase and a structured, bound phase, taking into account that the bulk
water fraction increases, when the bound hydration water becomes
liberated due to the compaction or aggregation of macro-solutes [25].
Still another source of complexity in macromolecular phase
separation is dynamic asymmetries among segregating components.
Without dynamic asymmetry, i.e. when segregating components have
similar mobility, initial segregation germs grow with time into
macroscopic droplets, which ‘coarsen’ by fusion and further growth.
In contrast, when segregating components are very different in their
mobility, the high deformation rate of the fast phase suppresses
growth and coarsening of the slow phase. The slow phase then
behaves like a viscoelastic body, as it becomes forced to concentrate
during ongoing phase separation. Viscoelastic phase separation
typically evolves into irregular, reticular segregation patterns [26].
3. Studies on macromolecular crowding in the cell nucleus
Cellular ﬂuids contain large amounts of polymers such as proteins
and nucleic acids. Like temperature or gravity, steric repulsion is a
physical parameter, which is always there. Thus, bio-molecules need
to be adapted to the crowding of macromolecules in their native
environments. One may ask whether the crowding-state of cellular
ﬂuids is a critical parameter for the proper functioning of cellular life.
Crowding effects in complex ﬂuids involve the entire range of
macromolecules contained. Therefore, comprehensive investigation of
the nuclear integrity relating to macromolecular crowding should
account for its total macromolecular content. A simple experiment
which ideally complies with this pre-condition is the osmotic
extraction of water from living cells. Our recent studies demonstrate
a remarkable sensitivity of nuclear ultrastructure to the hypertonic
treatment of cells [27] (Figs. 3–5): Within seconds, chromatinFig. 3. Structural re-organization of MCF7 cell nuclei upon hypertonic incubation in vivo (
20 minute incubation; red: chromatin labeled with the intercalating dye ToPro3 (Molecular P
labeled with anti-LaminA (H. Zentgraf, DKFZ, Heidelberg)). (A) The control nucleus of a cell gr
throughout the nucleus. Themost dense regions preferentially locate to the nuclear periphery
the medium, chromatin compacted substantially, leaving large chromatin-empty voids. All s
260 mM sucrose added to DMEM caused chromatin to detach from the lamina. Although thi
appearance of focal accumulations of the speckle-marker SC35 between peripheral chromacompaction becomes visible as part of a general partitioning of
nuclear compounds into several, structurally distinct domains. Not
even doubling the isotonic pressure causes severe re-organization of
nuclear matter, most evidenced by the establishment of a new nuclear
compartment between the peripheral chromatin and the nuclear
lamina, which we called the ‘peripheral layer’ (Fig. 4C). All of these
hypertonic-induced re-organizations proceed gradually with time and
osmotic load, and reversibly recover to regular phenotype when cells
are transferred back to an isotonic environment. The broad spectrum
of segregation phases observable corroborates the assumption of a
physical rather than a biochemical effect. Both, the adjustability of the
degree of structural changes with the osmotic load, and their
reversibility indicate that the system reacts within its physiological
realms: The phases observed after hypertonic treatment of cells are
not caused by the precipitation of denatured matter.
Cells remained alive during hypertonic treatment and, thus,
capable to control their internal ionic milieu. Nevertheless, hypertonic
extraction of water potentially affects the ionic strengths of the
cellular ﬂuids. Accordingly, the compaction of chromatin by hyper-
tonic treatment of cells was attributed to changes in ionic strength
rather than macromolecular crowding [28–30]. However, chromatin
compaction also occurs in nuclei of permeabilized cells which are
equilibrated in isotonic buffers, if polymers, such as PVP (polyvinyl
pyrrolidone) or dextran, are added as external crowding agents [27,31]
(Fig. 3C). Hancock [32] demonstrated accordingly, that the functional
and structural integrity of nucleoli and PML bodies in isolated nuclei
can be stabilized adding PEG (polyethylene glycol) or dextran to the
incubation media. However, although experiments with permeabi-
lized nuclei allow to demonstrate the inﬂuence of macromolecular
crowding on the structural organization of certain nuclear compo-
nents, the native composition of nuclei is substantially disturbed since
all dissolved content becomes extracted and the crowding-status
needs to be adjusted by the supplementation of ectopic crowders.
4. Possible inﬂuences of macromolecular crowding on
biochemical reactions
We started this review with arguments that nuclear processes
could beneﬁt from sheltering microcompartments, elaborated the
concept of depletion interaction as a driving force for microcompart-
mentalization, and presented experimental work that demonstrated
the sensitivity of nuclear organization upon macromolecular
crowding.
Apart from polymer segregation, macromolecular crowding
reduces diffusion rates [33], and the reduction of available volume to
a speciﬁc macro-solute increases its effective concentration [16,34].
Macromolecular crowding, therefore, also inﬂuences reaction ratesconfocal ﬂuorescence microscopy; cells were ﬁxed in 4% buffered formaldehyde after
robes); green: speckles labeled with anti-SC35 (Santa Cruz, California), blue: the lamina
own in isotonic medium (DMEM) shows chromatin at various degrees of packing density
and perinucleolar region. (B) After 20minute incubationwith 160mM sucrose added to
peckles reside in such voids, distinctly separated from chromatin by a gap. (C) A load of
s detachment is not clearly resolved at the light-optical resolution, a distinct sign is the
tin and the lamina (arrows). Scale bar: 10 μm.
Fig. 4. Electron microscopy of the structural changes induced in MCF7 cell nuclei due to either hypertonic incubation in vivo, or the inﬁltration of permeabilized cells with dextran
(incubation of cells took 20 min; cells were ﬁxed in buffered 4% formaldehyde/1% glutaraldehyde, post-ﬁxed in buffered 1% osmium tetroxide, dehydrated in graded steps of ethanol
and embedded in epoxy-resin. Sections were cut at nominal thickness of 70 nm and post-stained in uranyl/lead). (A) Control nucleus of a cell grown in isotonic medium (DMEM). The
nuclear content appears ﬁnely dispersed. Structural entities like chromatin (ch) and interchromatin granule clusters (ig) are difﬁcult to individualize within the overall ﬁbro-granular
background (cb: Cajal body). (B) 20 minute incubation with 160 mM sucrose added to the medium provoked chromatin compaction (ch) and formation of small, dense bodies (db).
The nucleoplasmic content became more differentially textured, such that interchromatin granule clusters (ig) are structurally more distinguished (no: nucleolus). (C) Incubation
with 320 mM sucrose added to the medium provoked an even more distinguished segregation pattern. Chromatin (ch) compacted into a dense matter of homogeneous granularity,
and ﬁne-ﬁbrillar material (fm) segregated into lacunas throughout the interchromatin space. Remarkably, the peripheral chromatin retracted from the nuclear envelope giving rise to
a newly established ‘peripheral layer’ (pl). Fine ﬁbrillar material ﬁlls this peripheral space and coarse granular material accumulates at the interface with the peripheral chromatin.
Among the latter are small clusters of interchromatin granules (ig). (D) Chromatin compaction also occurs when digitonin-permeabilized cells are pervaded with 10 kDa-dextran.
Despite the rich structural diversity which is still preserved, the high contrast and the coarse-textured background (stars) indicate substantial extraction of nuclear content. Also,
neither a formation of dense bodies, nor a peripheral layer was observed, even though the amount of dextran added (10% wt/vol) corresponds to the amount of 320 mM sucrose used
for part C of the ﬁgure panel. Scale bar: 1 μm.
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Fig. 5. Scheme to explain the experimental setup used to challenge nuclear architecture by macromolecular crowding (compare with Fig. 4), i.e. (A) control cell in isotonic medium,
(B) mild hypertonic treatment (e.g. 160 mM sucrose added to the medium), (C) strong hypertonic treatment (e.g. 320 mM sucrose added to the medium), and (D) permeabilized cell
treated with an external crowder (e.g. dextran). (A–C) The intact cell-membrane (dotted line) prevents the free exchange of osmotropes (e.g. sucrose) between themedium (blue) and
the cell (rose). The nuclear envelope (white line with pores; red: lamina) does not function as an osmotic barrier. Osmotropes added to the medium extract water from the cell. The
cell and its nucleus shrink accordingly (B, C), and the remaining macromolecular content becomes more crowded. The hypertonic treatment drives chromatin compaction (black
crosses (A) turn into black areas (C)), and segregation of other nuclear compounds (blue: dense bodies, yellow: ﬁne-ﬁbrillar material). These structural re-organizations proceed
gradually with increasing osmotic load. At high osmotic load (C), the peripheral chromatin detaches from the nuclear lamina. Nuclear components invade the peripheral space, such
as speckles (green), dense bodies (blue) and the ﬁne-ﬁbrillar material (yellow). (D) Chromatin compaction and nucleoplasmic phase separation is also provoked when permeabilized
cells (hatched line) are pervaded by an external crowder. All three spaces of interest (medium, cytoplasm, nucleoplasm) equilibrate with respect to osmotic content and external
crowder (light green). In turn, the nucleoplasm becomes extracted from its dissolved content. No peripheral layer is observed.
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dence, thermodynamic activityand steric constraints [35]. Accordingly,
it was demonstrated that crowders like dextran or PEG not only raise
the melting temperature of DNA, but also increase the renaturation
speed [4,36]. Thus, the supplementation of crowders to the reaction-
mixof PCR (polymerase chain reaction) improves the speciﬁcity aswell
as the efﬁciency for the in vitro ampliﬁcation of DNA [37].
In cellular ﬂuids, biochemical reactions are dominated by the site-
speciﬁc interactions of distinguished reaction partners. Therefore,
experimental observations of the inﬂuence of macromolecular
crowding on cellular function generally may not be explained by the
non-speciﬁc depletion interactions alone [38,39]. Macromolecular
crowding rather may function to set a pre-load towards the
association and compaction of macromolecules, which then are to
be put into action by some site-speciﬁc interactions and directed
molecular modiﬁcations, e.g. the activation of proteins by phosphory-
lation [20].
5. Principles for structural nuclear organization
The genome with its biochemistry for maintenance, gene tran-
scription and DNA replication is separated from the cytoplasm by the
nuclear envelope. Nuclear pore complexes control the exchange of
macromolecules. Small molecules and ions, in contrast, can pass
freely; neither an electrochemical potential, nor an osmotic gradient
are being established across the nuclear envelope between nucleo-
plasm and cytoplasm.
Taking the genomic sequence of organisms as the basis for the
organization of life, modern knowledge allows us to appreciate that
functional sets of genes are to be expressed according to external
triggers and internal schedules, thoroughly controlled by feedback
loops. These processes could well happen through random collision
and site-speciﬁc, stoichiometric interaction of reaction partners. Quite
complex structures can self-assemble this way, which then are the
consequence of functioning rather than its cause.
Apart from this, we here conceive ‘higher level structural organiza-
tion’ as a structural pre-requisite for functional processes, i.e. an
investment of the cell for the channeling of future tasks. For example,
the nucleolus organizer ﬂanking the 47S rDNA clusters of acrocentric
mammalian chromosomes is of ‘higher order’ in promoting ribosome
biogenesis. In contrast, the complex organization of nucleoli into
ﬁbrillar centers, ﬁbrillar components and granular components is notpre-determined but arises in consequence of the synthetic activities to
produce ribosomal subunits [40]. Also amatrix, formechanical support
or for use as a platform for site-directed activities, is a higher level
structure, opposed to mere interaction networks.
The nuclear content is non-randomly distributed on the level of
chromatin as well as other nucleoplasmic compounds. Chromatin is
packed into chromosome band domains, chromosome arm domains
and chromosome territories, which, to a large extent, mutually
exclude each other [41–45]. This processive packing is difﬁcult to
explain by chemical interaction through crosslinkers, which would
require sensing-capabilities to distinguish cis- from trans-interactions.
In contrast, depending on mechanical properties of polymers,
depletion interactions favor intramolecular compared to intermole-
cular compaction, without the need for crosslinking activities. In the
case of chromatin compaction, the local binding of chromatin-
regulatory proteins would modulate the compaction scheme [27].
Functional importance had been addressed to the territorial organiza-
tion of chromatin, based on the assumption that chromatin exerts a
diffusion barrier to factors necessary for gene activity. To be active,
genes would need to become exposed to the more diffusible space
between chromosome territories, the interchromosomal compart-
ment domain [46–49]. This model also complies with the above
criteria for higher order nuclear organization. In support of this
concept, active genes were shown to preferentially localize to the
periphery of their chromosome territory [46,50,51]. The observation
of intermingling territory borders [52] in front of the otherwise
mutually excluded interphase chromosomes further corroborates the
active spreading of some chromatin regions into this interchromoso-
mal space. Alternatively, the territorial organization may give credit to
conservative constraints for future cell division. Although functional
nuclear architecture is expected to relate to interphase-processes like
RNA transcription, DNA replication and DNA repair, interphase-
activity must not compromise the faithful propagation of the genome
during mitosis.
Apart from the territorial organization, chromatin clusters into
distinct patterns of replication timing [53,54] and packing status.
Dense packing of chromatin correlates with poor accessibility,
experimentally demonstrated by its relative resistance to enzymatic
degradation and loss of functional activity. Typical locations of close
packed heterochromatin are the nuclear periphery and the perinu-
cleolar space. Peripheral heterochromatin associates with the lamina,
a proteinaceous layer connected to the nuclear envelope. The lamina
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the lamins, are members of the intermediate ﬁlament protein family.
Interaction of chromatin with the lamina functionally acts as a
silencer. Interestingly, the layer of peripheral heterochromatin is
much thicker than the lamina. A presumptive inﬂuence of the lamina
towards heterochromatin formation, therefore, would delve deep into
the chromatin network. Biochemically, the heterochromatin forma-
tion by the protein HP1 had been shown to self-propagate until being
stopped by chromatin modiﬁcations with barrier function [58–61]. As
these insulators compartmentalize the one-dimensional world of
DNA-sequence, they also represent a ‘higher order’ organization. A
scenario apart from the propagation of epigenetic markers for
heterochromatin can be designed by the biophysical process of
viscoelastic phase separation, which would promote compaction of
the immobilized peripheral chromatin due to kinetic discrepancywith
the internal chromatin [31]. Any mechanism to immobilize chromatin
would have this effect and could explain why heterochromatin
patches also occur inside the nucleus, notably associated with
nucleoli, and in organisms like plants, which lack a lamina.
Many nuclear proteins and ribonucleoprotein particles enrich in
prominent, body-like structures of deﬁned morphology and composi-
tion but of no obvious synthetic activity; notably speckles, PML bodies
and Cajal bodies [62–64], which all reside within voids between
chromosome territories [65,66]. Not bound by separating membranes,
nuclear bodies represent phases of differential afﬁnity for any given
entity which happens to roam the nuclear space. Accordingly, their
contents exchange dynamically with the diffusible pool of the
nucleoplasm [67–69], which, therefore, becomes buffered to a
constant concentration. This buffer-property may be instrumental to
prevent substantial depletion of the soluble pools of functional players
upon sudden boosts of nuclear activity. In this case, the exact position
of a nuclear bodywithin the nucleus would be of minor importance. In
contrast, synthetic activities on chromatin, i.e. RNA transcription as
well as DNA replication and repair, are site-speciﬁc. Except for
nucleoli, the factories of RNA-polymerase I activity, sites of synthetic
processes in the cell nucleus are structurally poorly deﬁned. Light-
optical resolution reveals not more than focal spots, and electron
microscopy does not allow a discrimination of their inferred structural
complexity from the general ﬁbro-granular background of a nucleus
[70] (Fig. 4A). However, it was shown that RNA transcription outside
nucleoli occurs in distinct foci throughout cell nuclei [71], that active
genes relocate to these transcription foci [72], that several genes
cluster in a same transcription focus [73], and that focal accumulations
of RNA-polymerase II persist upon transcription inhibition [74]. These
observations suggest, that hnRNA transcription occurs at speciﬁc
nodes in the nucleus. A nuclear matrix, which could account for such
nodal attachment sites, can be prepared by high-salt extraction of cell
nuclei (see [75] for a historical background of the nuclear matrix, and
[76] in response). Chromatin associates with this nuclear matrix via so
called scaffold attachment- or matrix associated regions (SAR/MAR),
and a marker protein had been identiﬁed, SAF-A, capable to link MARs
with functional proteins [77]. Content analysis of matrix preparations
demonstrates a very heterogeneous composition, which includes
factors of the entire spectrum of nuclear activity [78]. Since harsh
extraction conditions may well promote the artiﬁcial precipitation of
an interaction network of many, differently engaged nuclear compo-
nents, the concept of a nuclear matrix is not commonly accepted [79].
Substantial knowledge about genome function has been gained
from in vitro assays without reproducing a nuclear matrix. These
studies delineate two structural characteristics, which are common in
transcription and replication, the establishment of a stationary
initiation complex, and the use of huge macromolecular complexes
during mobile polymerase-activity. The packing of DNA into chroma-
tin promotes protection against enzymatic digestion and, in turn,
represents a basic level of DNA repression. Further silencing is
achieved by epigenetic chromatin modiﬁcations at the levels ofDNA, nucleosomes and whole chromatin, e.g. DNA-methylation,
histone hypoacetylation and HP1 assembly. Activation of chromatin
for transcription, replication and repair requires removal of these
blocks and the local melting of the DNA double-strand [80,81].
RNA-polymerase II transcription cycles through initiation, elonga-
tion and termination in a sequence of steps [82,83]. Regulatory factors
bound near the site of transcription initiation recruit the general
transcription factors to the promoter, forming the pre-initiation
complex, which then melts the DNA locally. Triggered by phosphory-
lation of its C-terminal repeat domain, the polymerase eventually
proceeds into stable transcription. Part of the initiation complex stays
behind as a so called scaffold complex to pre-condition the promoter for
further transcription rounds, whereas the polymerase associates with
elongation factors, which are required to manage downstream
chromatin accessibility [84] and co-transcriptional maturation of the
nascent RNA-product [85]. Two mechanically opposed features of the
transcription machinery are important: 1. Co-operative binding of
regulatory factors at the start-site enhances the speciﬁcity of the
otherwise degenerative promoter. 2. Continuous liberationof the coding
region from obstacles like nucleosomes or other DNA-binding proteins
assures processivity of elongation after promoter clearance [83].
Similar to RNA transcription, DNA replication also involves
sequential processes for initiation, chromatin denaturation and
histone re-arrangement, and uses various multienzymatic complexes
for chromatin remodeling and DNA-synthesis [86]. Early in G1, origin
recognition complexes (ORC) bind to a subset of replication origins to
poise them for future ﬁring. Successful ﬁring then requires an open,
accessible status of chromatin, and correlates with the nearby
presence of promoter regions and chromatin remodeling transcription
factors. Maturation of the origin into the initiation complex requires a
heterohexamer ring of co-factors (MCM-complex) for unwinding the
DNA and starting assembly of the replication machinery [87].
Although these processes may not need the higher order structural
organisation provided by a presumptive nuclearmatrix, theymaywell
proﬁt from the cooperative momentum of macromolecular crowding
on the stability of macromolecular complexes.
6. Potential impact of macromolecular crowding on the functional
stability of the cell nucleus
Cellular life signiﬁes the passage through a sequence of distin-
guished states. Not only the cell cycle, all regulated activities represent
a well determined balance among various pathways. Therefore, any
establishment of a speciﬁc cellular state demands the statistical
signiﬁcance in the time-dependent expression of at least some critical
genes. Stochastic noise not only limits the control over expression
levels, but also the response-time when expression levels are to be
changed upon switch from one state to another. Thus, the statistical
stability of nuclear processes appears to be important for proper
cellular function.
Noise in gene expression is caused by extrinsic sources, such as the
external supply for nutrition or growth stimuli, and intrinsic sources,
such as RNA transcription and protein translation [88]. Experiments
have shown that the noise rate for transcription is higher than for
translation [89]. Therefore, to minimize expression noise at a desired
expression level, it is advantageous to combine high transcription
rates with respective low translation activities. Accordingly it was
shown in Saccharomyces cerevisiae, that the expression of essential
proteins is biased towards higher transcription-to-translation ratios
compared to non-essential proteins. This latter observation also
corroborates, that the noise-performance of gene expression is
challenged throughout evolution [90].
Nuclear biochemistry is susceptible to statistical ﬂuctuations due to
the competition of many, chemically identical, active sites for a limited
number of reactive factors [1]. A further source for expression noise is
the transition-speed for promoter on and off switching [91]. In this
2106 K. Richter et al. / Biochimica et Biophysica Acta 1783 (2008) 2100–2107respect, the temporal stability of the scaffold complex of transcription,
which keeps the promoter prepared for ongoing transcription cycles,
appears instrumental to delimit transcription noise. But also the
stability of othermacromolecular complexes, e.g. used for transcription
elongation and hnRNAmaturation,will inﬂuence the statistical noise of
gene expression. Therefore, as depletion interactions stabilize macro-
molecular complexes against their decay, macromolecular crowding in
the nucleoplasm could have functional importance to delimit the
stochastic ﬂuctuations of nuclear processes.
7. Conclusion
Prokaryotes manage their genome without having a karyon. A
classical speculation of why higher forms of life organize their genome
within an extra compartment realizes the beneﬁt of improved
expression control by splicing, maturation and export due to the
separation of transcription from translation. Another aspect is
protection of the interphase genome from the inﬂuence of cytoplas-
mic microtubules. Last but not least, the nuclear compartment is well
adapted tomaintain a controlled degree of macromolecular crowding:
Nuclear pores select for the macromolecular content of the nucleo-
plasm, and the potential of chromatin for adaptive condensation
provides buffer-capacity to stabilize a given crowding status. Thus, the
consideration of macromolecular crowding as a functional player for
the stochastic stability of nuclear processes sheds new light on the
functional organization of the cell nucleus.
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